VLBI with the SKA
The Square Kilometre Array (SKA) is a next generation radio facility that will eventually have a collecting area of about a square kilometre, and baselines up to thousands of kilometres 1 . The science case of this ultimate very long baseline interferometer (VLBI) array was initially published at the end of the 1990s [1] , and the first comprehensive science case was compiled in 2004 [2] . The challenge of building a fast survey machine that images large portion of the sky in a relatively short time, but at very high resolution, was realised from the very beginning. The "Carilli & Rawlings" book in 2004 highlighted five possible key science projects. These were "The cradle of life", "Strong-field tests of gravity using pulsars and black holes", "The origin and evolution of cosmic magnetism", "Galaxy evolution, cosmology and dark energy", and "Probing the dark ages". With time it became clear that the various envisaged imaging surveys (EOR, continuum, HI etc.) and time domain surveys (pulsar search, pulsar timing) require most of the collecting area in very short spacings, and this has driven the design of the instrument ever since. There will be two telescopes of phase I SKA built with different frequency coverages. SKA1-LOW (50 MHz -350 MHz) will be in Australia, with maximum baseline length of about 65 km. SKA1-MID (0.35 GHz -15.3(24.0) GHz) will be built in South Africa, with maximum baseline length of about 150 km. The second phase of the SKA will provide the full sensitivity, and a resolution that is 20 times that of the phase I components. The latest collection of science cases were published in 2015 by the SKA Organisation (SKAO), with headquarters in Jodrell Bank, UK [3] .
The SKAO is in continuous discussion with the community about how to best address its science goals. There are a number of Science Working Groups and Focus Groups working on this. A main concern for the VLBI community is how to carry out very high angular resolution science during phase I of the project. In 2015 the VLBI working group was formally established, with co-chairs Cormac Reynolds (CSIRO) and Zsolt Paragi (JIVE)-the latter replaced in 2018 by Tao An (ShAO). According to plans, the core of the SKA phase I components will be phased-up. In the past this was the standard operation at the Westerbork Synthesis Radio Telescope during European VLBI Network (EVN) observations, and it is routinely done for VLBI observations with ALMA as well. A single tied-array beam will be significantly smaller than an arcsecond at GHz frequencies, but it will be possible to form several independent beams in the same sub-array, looking at different targets/calibrators within the primary field of view of the SKA dishes [4, 5] . The VLBI working group helped to define L0 science requirements, and L1 technical requirements together with the various SKA Consortia, and established a few initial use cases. One of the important requirements was for simultaneous VLBI (phased-array) and SKA1 interferometer data products. The advantages are straightforward for calibration: in VLBI there are no primary flux density calibrators, because compact sources are variable. The SKA data will provide a way to measure the flux densities of compact sources accurately. For science: we will have for the first time simultaneous information on a wide range of angular scales, clearly beneficial to understand our targets together with their environments, from arcminute to (sub-)milliarcsecond scales. This is demonstrated in Fig. 1 . Another noteworthy requirement is real-time VLBI data streaming capability from the SKA1 components: the e-EVN is an SKA pathfinder not just as an instrument, but it can also be considered as a pathfinder for SKA-VLBI operations. 
EVN and SKA-VLBI science priorities
There were a number of high profile VLBI results that motivated us to push for VLBI capabilities in the SKA [4] . For example the accurate distance determination of the dwarf nova SS Cygrequiring astrometric VLBI observations triggered within a day -that resolved a debate about accretion disc theory [11] , the direct evidence for jet-driven, large-scale neutral and molecular outflow in the recurrent young radio source 4C12.50 [12] , and the identification of shocks where very high energy emission originates in the classical Nova Monoceros 2012 [13] . Large field-of-view VLBI surveys [14] , comparing global VLBI astrometry results with future Gaia catalogs, and observing tidal disruption events (TDE) were in the wish list for ultra-sensitive SKA-VLBI observations as well [4] . It is still somewhat a surprise just how much our field has developed in the past three years. We have detected and localised a repeating fast radio burst (FRB) on milliarcsecond scales, which opened a whole new chapter in the VLBI study of short-timescale transients (see Fig. 2 , and references). We can measure the jet collimation profile in an active galactic nucleus (AGN) from 10 2 to 10 4 gravitational radii from the supermassive black hole, using space-Earth baselines to RadioAstron [15] . We detected dozens of targets -also aided by primary beam correction within the EVN -in deep fields [16] , we found evidence for kpc-scale optical jets by comparing VLBI and Gaia astrometry [17] , and we resolved ejecta from a TDE in Arp 299B [18] . Perhaps most unexpected, we resolved ejecta of the first-ever electromagnetic counterpart to a gravitational wave event GW1701817 [19, 20] . All of these results have been presented at this symposium. Clearly, there is a lot of momentum to push for major VLBI observing programmes on these (and other) topics, that include the SKA.
The range of topics largely overlaps with the science the EVN pursues in the coming decade [21] . We have to identify those areas where the SKA1 components will have a unique contribution to VLBI. For example: surprising as it may sound, the quality of amplitude calibration of an interferometer has an effect on its resolution power in the high signal-to-noise ratio regime (∼S/N>100; [22] ). Station calibration at the level of ∼ 1% will be needed to accurately measure source sizes (under some assumptions) smaller than about one tenth of the beam size. While at low S/N knowing the total flux density is critical (cf. [20] ) -SKA1 data on targets and calibrators will help in both cases. Similarly, SKA1 will provide very precise polarization characterisation of our targets and calibrators on arcsec scales, which will help to accurately calibrate the cross-hand VLBI data products, to measure the frequency dependent fractional linear and circular polarizations, the polarization angles as well as the rotation measure in source components seen on VLBI scales. The multi-beam capability of SKA1 telescopes means that it will be possible to use a number of calibrators for ultra-precise (down to a few microarcseconds) relative astrometry, on sub-mJy targets. This has important implications for stellar (continuum and maser), pulsar, and transient astrometry observations. For example, maser astrometry with the SKA is a promising tool to measure the size and rotation of the Galaxy [23] . There is a lot of synergy in VLBI studies of various SKA1 survey fields or particular targets of interest, let it be continuum, spectral line, or time-domain, even if the SKA1 components are not always part of the follow-up VLBI observations. The demand on VLBI observations will likely increase to an extent that requires an extension to current observing sessions, possibly also allowing for more regular "EVN-lite" observations with a subset of telescopes, to follow-up SKA1 triggers (an idea that has been around in the EVN for a while). [6] ) for several hundreds of FRBs -in a given redshift bin -sheds light on the distribution of baryonic matter in the Universe. This requires sub-arcsec localization at high redshifts. Background image: https://www.alanrduffy.com. Below: JVLA and EVN localization of the repeating FRB121102. The short pulses detected by the EVN are co-located within ∼10 mas of a compact, persistent radio source within a star forming region in a dwarf galaxy at z = 0.1927. Ultimate evidence that FRB-like signals (may) have cosmological origin [7, 8, 9, 10 ]. Artist's impression: Danielle Futselaar.
SKA Key Science Programmes: strategies for VLBI
The SKAO and the science working groups have compiled a list of forty high priority science objectives from eight broad topics, and a subset of thirteen "highest-ranked science objectives". These range from studies of the epoch of reionisation with SKA1-LOW, test of general relativity with pulsars (MID), observing atomic hydrogen nearby and at high redshifts (MID/LOW), FRB cosmology (MID/LOW), "Cradle of Life" (planet and star-formation, structure of the Milky Way using SKA1-MID), the origin of magnetic fields (MID/LOW), and continuum surveys for cosmology as well as for the study of star formation history in the Universe (MID). Several of these will heavily rely on additional VLBI observations. There have been initial SKA-VLBI "use cases" established for pulsar astrometry, stellar deep fields, Galactic Structure (two independent maser use cases), synchrotron transient follow-up, and AGN surveys. These use cases aim to define the observations and the required SKA resources for a given science goal. More of these ideas will have to be worked out in more detail, as the SKA1 design stabilises through 2018/2019.
The KSPs for the SKA have not been defined yet, but these will be large projects "that require large observing time allocations over a period longer than one Time allocation cycle" (SKA KSP Framework Paper). It is expected that a typical KSP will ask for 1000h of observations over 3-4 years. This is about the same as having for example all ten 24h e-EVN sessions per year dedicated fully to a single SKA-VLBI KSP for four years. Having matched resources might be a challenge, but may not be that critical considering the global VLBI resources available world-wide. The bottle neck might actually be the time available for VLBI at the SKA1 components. Therefore it is not only the science cases, but their possible realization will have to be thought through carefully. One way of getting around this problem is to incorporate a SKA-VLBI element (requiring << 1000 h in itself) in regular SKA KSPs. Another possibility would be doing piggy-back VLBI observations on various SKA1 surveys, although this may require some special VLBI scheduling requirements to be taken into account when organizing the survey observations. We will have to understand the limitations of commensal operations within the SKA very well. This is important also because we will preferentially need the SKA1 data products in all regular SKA-VLBI observations. Another consideration is to request some of the SKA1 dishes -those that are usually not used in SKA surveys requiring dishes in the core of the array only -being available for VLBI for extended periods of time (for sufficiently bright targets).
These ideas will be discussed in specific SKA and SKA-VLBI Key Science Projects workshops, starting in 2019. While the final construction of the SKA1 components is in the future, it is worth noting that MeerKAT is already operational (see Fig. 1 ), and the first dish of the future African VLBI Network (the Ghana telescope) has already produced VLBI fringes. We may also expect the SKAO will allow for shared-risk science verification observations during commissioning. It is time we get ready for SKA-VLBI!
